Numerous tools allowing the rapid and universal identification of the clones/clonal complexes/ phylogroups of Escherichia coli have been developed, as it is a commensal of the vertebrate gut, a major pathogen in veterinary and human medicine, and a bacterial indicator of faecal contamination. The ability to identify clones/clonal complexes/phylogroups is crucial, as a strain's ecological niche, lifestyle and propensity to cause disease vary with its phylogenetic origins. There are currently three multi-locus sequence typing (MLST) schemes for E. coli, as well as several PCR-based assays for determining a strain's phylogroup or clonal complex. In this work, we present data that will enable investigators to determine the correspondence between the PCRbased assays and the three MLST schemes, and provide the means for assigning a sequence type (ST) to a phylogroup when no other data on the strain phylogroup membership are available. Such information will help the scientific community to accurately identify the E. coli clones reported in various publications. Although whole-genome sequencing will replace classical MLST and most alternative PCR-based methods, the ST nomenclature of the MLST scheme hosted at the University of Warwick will largely persist.
INTRODUCTION
Escherichia coli has been at the forefront, on one hand, of genetics and molecular biology with the model organism E. coli K-12 and, on the other hand, of population genetics with natural isolates. A great advantage of working with natural isolates is that, despite the occurrence of recombination events, the population structure of the species is predominantly clonal, allowing the delineation of major phylogenetic groups (Tenaillon et al., 2010) . As a consequence, all the approaches used to study the population structure of E. coli have, with each technical advance, yielded congruent results. Whether the pioneering technique of multi-locus enzyme electrophoresis (Ochman & Selander, 1984) , multi-locus sequence typing (MLST) (Jaureguy et al., 2008; Reid et al., 2000; Wirth et al., 2006) or, more recently, whole-genome analysis (Petty et al., 2014; Price et al., 2013; Touchon et al., 2009 ) is used, the notion of the clone or clonal complex as an entity is retrieved together with the phylogroup structure of the species. Recently, cryptic lineages highly divergent at the nucleotide level, but similar phenotypically to E. coli, have been reported and named Escherichia clades I to V (Clermont et al., 2011; Luo et al., 2011; Walk et al., 2009 ).
E. coli is a commensal of the vertebrate gut and a major pathogen in veterinary and human medicine (Croxen & Finlay, 2010) , as well as a water and sediment contaminant (van Elsas et al., 2011) . Consequently, special attention has been given to the development of tools allowing the rapid and universal identification of the clones/clonal complexes/ phylogroups of E. coli. The ability to identify clones/clonal complexes/phylogroups is crucial, as a strain's ecological niche, lifestyle and propensity to cause disease vary with its phylogenetic origins (Gordon & Cowling, 2003; Picard et al., 1999; Ratajczak et al., 2010; Walk et al., 2009 ).
There are currently three MLST schemes for E. coli. The aims of this work were to: (1) present data that will enable investigators to determine the correspondence between the three MLST schemes and to provide a means of assigning a sequence type (ST) to a phylogroup when no other data on the strain's phylogroup membership are available and (2) describe the current PCR-based methods that can be used as a partial substitute for MLST. Lastly, the contribution of whole-genome sequencing (WGS) to E. coli typing is discussed. 
METHODS
We compiled the data from the three available E. coli MLST websites hosted at Michigan State University, USA, Warwick Medical School, UK, and Pasteur Institute, France (Table 1) . We also performed a literature search for the various E. coli phylotyping methods available. As much as possible, we investigated the relationships between the different methods by crosschecking the data presented in the literature.
RESULTS AND DISCUSSION
Correspondences between the different MLST schemes and main phylogenetic group affiliation The three MLST databases for E. coli MLST are based on three different gene combinations (Table 1) , with only one gene in common, icd. The EcMLST database created by Thomas Whittam and hosted at Michigan State University (East Lansing, USA) was originally devoted to enteropathogenic E. coli (Reid et al., 2000) , whereas the one created by Mark Acthman and hosted at the Warwick Medical School (Coventry, UK) (Wirth et al., 2006) , and the one developed by Sylvain Brisse and Erick Denamur and hosted at the Pasteur Institute (Paris, France) (Jaureguy et al., 2008) , have never focused on any particular group of E. coli.
The rationale for the choice of the genes used in the different MLST schemes is unclear, except for the fact that they are all housekeeping genes. The genes of the Pasteur Institute scheme were selected from a panel of 11 genes because they showed the lowest level of horizontal gene transfer (Escobar-Páramo et al., 2004) . The nucleotide diversity is the highest for the Pasteur Institute scheme genes, followed by the Michigan scheme genes; while the Warwick scheme genes have the lowest diversity (Kaas et al., 2012) . However, the congruence observed between phylogenies derived from the concatenated sequence data from each of the three MLST schemes and the phylogeny based on whole-genome data, the 'true' phylogeny, is best using the Warwick MLST genes (Sahl et al., 2012) .
Although MLST provides the best means of typing E. coli, knowledge of a strain's ST does not directly provide any information concerning its phylogroup affiliation. Instead, phylogroup assignment has depended on a very popular method, commonly called the 'Clermont method' (Clermont et al., 2000) (1056 citations in January 2015 at the Web of Science, Thomson Reuters), based originally on the presence/ absence of two genes (chuA and yjaA) and one DNA fragment (TspE4.C2), which classified E. coli into the four main phylogroups A, B1, B2 and D. The original Clermont method was shown to yield phylogroup assignments highly congruent with those derived from MLST data (Gordon et al., 2008) . As the extent of MLST databases expanded together with the results of WGS it became apparent that E. coli consisted of more than four phylogroups. Consequently, the triplex PCR method was recently refined by the addition of the arpA gene, becoming a quadruplex PCR, which, together with two allelespecific PCRs (for phylogroups C and E), allows the delineation of seven phylogroups (A, B1, B2, C, D, E, F) (Clermont et al., 2013) .
In Table 2 , we provide the STs of strains belonging to the E. coli reference collection (ECOR) (Ochman & Selander, 1984) , which is representative of the phylogenetic diversity in E. coli sensu stricto (excluding the cryptic clades), as well as the main archetypal strains of the species, for each of the three E. coli MLST schemes. We also provide a possible table (Table S1 , available in the online Supplementary Material) that presents the STs found in the Warwick MLST database together with their clonal complex membership and phylogroup affiliation, allowing a hierarchical typing approach from the phylogroup to the ST.
As STs are on the terminal branches of trees, they are phylogenetically robust and retrieved whatever the MLST scheme used (Clermont et al., 2013; Gordon et al., 2008) , even though the deeper branches of the phylogenies derived from the three MLST schemes differ in the extent to which they are congruent with a whole-genome phylogeny (Sahl et al., 2012) . However, the higher diversity of the Pasteur Institute genes, followed by the Michigan genes (Kaas et al., 2012) , allows for greater discrimination among strains than do the Warwick genes. For example, strains belonging to phylogroup A and identified as ST10 by the Warwick MLST scheme encompass nine and five STs according to the Pasteur Institute and Michigan schemes, respectively, while the phylogroup B2 Warwick ST73 corresponds to five and three STs according to the Pasteur Institute and Michigan schemes, respectively ( Table 2 ). The pandemic strains defined as ST131 B2  B2 VI  B2  B2 VI  12  198  28  13-27  ECOR60  B2  B2 VI  B2  B2 VI  12  204  28  13-7  ECOR51  B2  B2 II  B2  B2 II  73  196   ND   24-12  ECOR52  B2  B2 II  B2  B2 II  73  197  27  24-11  ECOR54  B2  B2 II  B2  B2 II  73  199  27  24-12  ECOR56  B2  B2 II  B2  B2 II  73  52  905  24-30  ECOR57  B2  B2 II  B2  B2 II  73  201  901  24-10  ECOR55  B2  B2 II  B2  B2 II  74  200 Clermont et al. (2000) . DAs in Clermont et al. (2013) . dMLEE, Multi-locus enzyme electrophoresis. §Extended MLST based on 13 genes of the Warwick and Pasteur Institute schemes as in Clermont et al. (2014) . ||Corresponds to the testing of a strain not corresponding to the original strain. Zero corresponds to the absence of fimH amplification with the primers used for CH typing (Weissman et al., 2012) . 
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UA, Unassignable. CGA, Clonal group A. *Identified using methods described in: a Clermont et al. Nicolas-Chanoine et al., 2014) by the Warwick scheme are split into several phylogenetically relevant O-type-linked STs using the Pasteur Institute scheme (Johnson et al., 2014; Matsumura et al., 2012) .
Besides these classical MLST approaches, several groups have developed MLST schemes based on fewer genes than the classical seven-gene approach. A two-locus approach (fumC/ fimH) called CH typing has been developed, allowing excellent prediction of MLST-based profiles (Weissman et al., 2012) . CH typing provides good discriminative power, consistently yielding more haplotypes than the Warwick seven-locus approach (Table 2) , allowing ST131 subtyping consistent with the Pasteur Institute scheme discussed above . More recently, using a tool called Phylomark, which aims to identify highly informative phylogenetic markers from whole-genome alignments, it has been shown that a very robust phylogeny can be obtained using just three genes (tonB, traP and DPP) (Sahl et al., 2012) .
At last, some groups have developed typing methods using targeted informative single-nucleotide polymorphisms (SNPs) gathered from the MLST data (Fernández-Romero et al., 2011; Hommais et al., 2005) ; the level of resolution is, however, typically less than classical MLST.
Alternative PCR-based methods for specific detection of clonal complexes
To avoid the time and cost associated with traditional MLST, several alternative methods have been developed to determine strain identity. A PCR-based method has been proposed to identify the cryptic Escherichia clades (Clermont et al., 2011) . Within E. coli sensu stricto, there are several common and clinically significant lineages of E. coli, such as clonal group A (CGA) corresponding to STc69, as well as the B2 lineages STc73, STc95 and STc131, which are important to identify. Some of these methods target only one clone/clonal complex: fumC allele-specific PCR for STc69 (Johnson et al., 2004) , detection of the svg marker for STc95 (Bidet et al., 2007) , mdh and gyrB allele-specific PCRs for ST131 (all strains) (Johnson et al., 2009) , pabB allele-specific PCR for the ST131-O25b clone (Clermont et al., 2009) , and trpA allele-specific PCR for the ST131-O16 clone (Johnson et al., 2014) . Others target several clones/clonal complexes by using multiplex PCRs: four specific regions to identify the ST complexes 69, 73, 95 and 131 (Doumith et al., 2015) or allelespecific PCRs for the ten main human-associated B2 STc (Clermont et al., , 2014 .
A note of caution should be added for all these approaches based on one or two loci as, although E. coli has a clonal structure, recombination events do occur. It has been shown that owing to the fact that mainly small fragments are involved, recombination does not impede the establishment of a solid phylogeny (Touchon et al., 2009) . However, it can be expected that in a few cases these PCRbased methods relying on one or two loci will yield erroneous results due to recombination events.
In Table 3 What can be expected from WGS?
With the advent of massively parallel WGS and the everdeclining cost of sequencing, WGS will be available in the future to individual investigators and routine clinical and microbiological laboratories. The challenge will be to extract the data relevant to the individual researcher or clinical laboratory in a time-and cost-efficient manner.
There are now a number of well-designed and implemented tools, either stand-alone or web-based, that are aiding researchers. Larsen et al. (2012) have developed a publicly available web-based service designed to extract clinically relevant information from WGS data (http://www. genomicepidemiology.org/). This platform has a number of tools, including one that identifies the STs of the Warwick and Pasteur Institute schemes, while others identify acquired antibiotic-resistance genes and genes associated with intestinal disease, and yet more aim to identify/classify the plasmids present in a strain and type them using pMLST. CARD (http://arpcard.mcmaster.ca) is a database designed to detect both plasmid and chromosomal antibiotic-resistance determinants from WGS data (McArthur et al., 2013) . PHAST is a Web-placed application whose aim is identify and annotate phage regions in the genome using WGS data (http://phast.wishartlab.com) (Zhou et al., 2011) . Extracting the SNPs of the core genome, as has been done for ST131 (Petty et al., 2014; Price et al., 2013) , provides a greater degree of resolution than does traditional MLST. The software suite known as Harvest (https://www.cbcb.umd. edu/software/harvest) provides the tools needed to quickly align many thousands of genomes and visualize the SNPbased tree derived from the alignment (Treangen et al., 2014) .
CONCLUDING REMARKS
These data will be helpful to the scientific community to accurately identify the E. coli clones reported in various publications. In the future, WGS will certainly dethrone classical MLST and all alternative PCR-based methods. However, the quadruplex Clermont method could still be useful, as it will give the main phylogroup affiliation and will serve as a quality control for the identity of strains if performed both in vitro and in silico. The ST nomenclature using the Warwick scheme will probably persist for identifying E. coli.
